We utilize a chemical equilibrium code in order to study the condensation process which occurs in protoplanetary discs during the formation of the first solids. The model specifically focuses on the thermodynamic behaviour on the solid species assuming the regular solution model. For each solution, we establish the relationship between the activity of the species, the composition and the temperature using experimental data from the literature. We then apply the Gibbs free energy minimization method and study the resulting condensation sequence for a range of temperatures and pressures within a protoplanetary disc.
teorites and comets are all created from solids during the protoplanetary disc phase.
The quantity and the quality of observations of protoplanetary discs around young stars has increased substantially in the last years: Spitzer Space Telescope has provided a large amount of useful data whose interpretation provides information on the composition, growth and thermal processing of dust grains in discs (Olofsson et al. 2009; Meeus et al. 2009; Bouwman et al. 2008; Kessler-Silacci et al. 2006; Geers et al. 2006) . The processes of grain formation are intrinsically related to the chemistry of gas and dust. Indeed, the material in the discs is a mixture of condensates with different chemical composition and properties Bergin 2009 ).
The study of objects in our solar system, including asteroids, meteorites and comets provides more direct and accessible evidence of the chemistry of the young solar system. Meteorites are characterized by heterogeneous compositions and petrographic and mineral analysis show mixtures of compounds that are the result of condensation processes in different environments and times during the protoplanetary disc phase . Even comets, among the oldest and most distant objects of our solar system, show this heterogeneity (Brownlee 2005) . The Stardust mission (Brownlee et al. 2003 ) returned samples from comet Wild 2 and studies of their composition (Nakamura et al. 2008; Zolensky et al. 2006) show complex thermodynamic and dynamic scenarios where particles probably formed in the inner regions of the solar system (Liffman 2006) which experienced high temperature processes were found close to other material produced by cold thermodynamics.
This paper is the first in a series in which we aim to determine the composition of both the gas and solid phases in various regions of protoplanetary discs in order to understand their chemistry and study the dust content. We assume thermodynamic equilibrium and solve for the condensation sequence using the regular solution model (DeHoff 1993) for the behaviour of solid solutions. In this paper we present the regular solution model and compare the condensation results with those obtained using an ideal solution for a range of temperatures at fixed pressures. In our next papers, we will apply this technique to specific 1D and 2D discs models.
The Gibbs energy minimization technique for equilibrium calculation is a powerful method for understanding the evolution of chemistry in a complex system (DeHoff 1993) . However, the predictions using this technique are sensitive to providing rigorous mathematical descriptions of solution behaviour, in particular, providing allowances for the effect of concentration and temperature on the activity of species dissolved into a solid state solution (DeHoff 1993) . In this study, we include the effect of temperature of solution behaviour by using the regular solution model, which is superior to the assumption used in previous studies in which ideal mixing is assumed for many of the solid phases and the effect of temperature on solution behaviour is ignored (e.g. Pasek et al. 2005; Gail 1998 ). It is well established that these effects are important in complex phase equilibria.
The outline of this paper is as follows: in section 2 we describe the physical and chemical conditions assumed to be present in protoplanetary discs. We also introduce the Gibbs free energy minimization method to solve for the condensation sequence and the steps followed to determine our final thermodynamic model. In section 3 we discuss the behavior of solid solutions and present a range of activity-composition relations derived from laboratory experiments. In section 4, we present the results of our simulations and we compare them with the ideal solution models (section 5) and with previous modeling work and recent observations (section 6). Conclusions are presented in section 7.
THE MODEL
Protoplanetary discs results from conservation of the angular momentum of a collapsing, rotating cloud of gas and dust. Detailed studies have been made to define the structure of protoplanetary discs (Brauer et al. 2008; D'Alessio et al. 2004 D'Alessio et al. , 1999 D'Alessio et al. , 1998 Gail 2004 Gail , 2001 Gail , 1998 and the physics involved in the evolution of the resulting gas-dust system (Birnstiel et al. 2010; Dullemond et al. 2008) . In this work, we calculate the condensation sequence for an initial chemistry over a range of temperatures and at fixed values of pressure which are appropriate for protoplanetary discs.
In this section, we describe the conditions within our model, the chemical equilibrium code used to study the condensation sequence, along with assumptions and limitations of the code.
Physical properties of the disc
Different disc models return different temperature and pressure distributions. These can be described as functions of the disc radius (r) in 1D models and both the radius and the distance from the mid-plane (r,z) for 2D models. In this model, we do not subscribe to any specific disc model, but instead chosen range of temperatures and specific pressure values that are relevant in protoplanetary discs. These values are not meant to represent specific locations in the disc but to constrain the values of temperature and pressure we use in the our simulations and define three main regions (high, middle, low temperatures) in the disc in which condensation occurs. Furthermore, condensation sequences calculated over a range of temperatures at fixed values of pressure allow us to compare our results with previous work and thermodynamical predictions.
For this work, we use the disc model of D 'Alessio et al. (1998) to guide us to find suitable values of T and P . D 'Alessio et al. (1998) studied the vertical structure, temperature, and surface density of a disc whose heating processes include viscous dissipation, radioactive decay, cosmic rays, and stellar irradiation. They chose a typical T Tauri star with M * = 0.5 M , R * = 2 R , T * = 4000 K, anḋ M = 10 −8 M yr −1 . We assume an irradiated disc with a constant accretion rate and consider only the inner 5 AU. Most of the dust mass is located near the mid-plane of the disc, so the study of temperature and pressure was done at the midplane. D'Alessio et al. (1998) calculated the radial temperature profile at the mid-plane, the surface density, and the different vertical heights above the mid-plane. The temperature at the mid-plane, Tc, ranges from 60 to 1900 K for radii between 5 and 0.05 AU. The values of P and Tc are shown in Table 1 . Temperature and pressure values for three typical radii calculated from the model of D 'Alessio et al. (1998) .
Parameters r = 0.05 AU r = 1 AU r = 5 AU Tc (K) 1900 240 60 P (bars) 2.1 × 10 −3 2.2 × 10 −7 9.4 × 10 −9 Table 1 for three typical disc radii: r = 0.05, 1.0 and 5 AU.
In the condensation studies we present in this work, we use a temperature range from 50 to 1850 K for fixed pressures 10 −3 , 10 −4 , ..., 10 −8 bar.
Gibbs free energy minimisation
Our condensation model of protoplanetary discs is based on the determination of the equilibrium of the initial system given a set of temperatures, pressures and initial composition. For transformations occurring at constant temperature and pressure, the relative stability of the system is determined by its Gibbs free energy. The general definition of Gibbs free energy is
where H is the enthalpy, T the absolute temperature and S the entropy. The laws of classical thermodynamics determine that the system will be in its most stable state if the Gibbs free energy is minimized (DeHoff 1993; Porter & Easterling 1992) . In a system with multiple species, the total Gibbs free energy, GT , is given by
where xi is the number of moles of species i, and Gi is the Gibbs free energy of species i, and N is the total number of possible species defined for the system. Gi is a function of the temperature, the mole fraction and solution parameters
where G 0 i is the standard Gibbs free energy of formation of the species i, R is the gas constant, T the temperature, Xi is the molar fraction of the species in the solution phase, and γi is the activity coefficient of species i. The variation of γi with temperature and composition is determined experimentally.
The determination of the equilibrium is equivalent to finding the set of values which minimizes the function in equation (2) and satisfies the mass balance constraint given by
where there are m different types of elements and aij is the number of atoms of element j in species i, xi is the number of moles of species i (such that the molar fraction Xi = xi/xt, where xt is the total number of moles), and bj is the total number of moles of element j. Therefore, the parameters required to solve equation 3 include the temperature, T , the number of moles xi of each of the N species i and the total number of moles xt in the initial composition of the system, the standard Gibbs free energy of formation of each species i, G 0 i , and the activity coefficients γi, which depend on the behaviour of the species i in the solution, for a given temperature, T . The Gibbs energy minimisation method is a technique widely used for geology, chemistry, astrophysics, metallurgy, materials and chemical engineering and industrial purposes for understanding complex equilibrium calculation at high temperature (Hack 1996) . For our purpose, we use the HSC 1 software package (Roine 2007) , which uses the Gibbs free energy minimization method of White et al. (1958) .
The thermodynamic data for each compound in our list are taken from the database provided by HSC. The list of references is very long and not reported here. For each compound the database reports the enthalpy, H, entropy, S, and heat capacity, C, along with a range of other important parameters. We refer the reader to Roine (2007) and references within, plus the HSC Database module for full details.
Method and limitations
In the previous section, we introduced the concept of equilibrium which assumes that the system has reached the most stable state for a given T, P and composition. This is not completely true for a protoplanetary disc. For example, the existence of non-crystalline material in protoplanetary discs is a sign that the disc is not in equilibrium and at low temperatures reaction rates and transport phenomena can indeed be so slow as to make equilibrium unachievable. However it is assumed that the lifetime of a disc (∼6-30 Myrs) (Carpenter et al. 2005; Haisch et al. 2001 ) is long enough to overcome the kinetic barriers such as mass transfer of species, reaction rates and surface phenomena, thus allowing the disc to reach an equilibrium state. Toppani et al. (2006) studied the reaction rates of many compounds in our list (e.g. forsterite, anorthite, spinel, corundum, pyroxene, melilite) also focusing on the influence of time, temperature and gas composition in the reaction rates. Their results show that a mean time of 1 hour is required to return stable phases. Furthermore, computational techniques based on the assumption of equilibrium have been successfully used to study and understand reactions in metallurgical systems and in the Earth's geology processes (Belov 2002 , and references therein).
We assume that the system is only composed of solid and gas states. While the condensation model developed by Yoneda & Grossman (1995) showed that liquids can be formed at atmospheric pressures, the typical pressure of a protoplanetary disc is much lower than this (P 10 −2 bar -see Table 1 ). The absence of liquid phase in this pressure regime can also be seen in the T -P phase diagrams of compounds in our list, and hence we ignore the liquid phase.
The range of possible species produced in the model are derived from a limited number of elements. We choose the fifteen most abundant elements of the Sun taken from Pasek et al. (2005) , who use the solar photosphere abundance observations of Grevesse & Sauval (1998) Table 2 ) from a total amount equal to 100 kmol. We assume that the Sun's photosphere has changed little over the time and so the current composition can safely be used for the initial conditions in our model.
The chondrites, which formed early in the history of the solar system, have the same abundance for most elements as the photosphere (Scott & Krot 2006) , which supports our assumption of a relatively constant stellar composition. (While Asplund et al. (2009) have a revised photospheric composition, we use the values of Pasek et al. (2005) to compare our results to previous work.)
The potential number of species that can be formed from the combination of these 15 elements considered in this system is over 700. Our aim is to improve upon previous works in this field by using the regular solution model, and for the non-ideal case the HSC software is limited in the number of species it can handle. Using the 15 elements in Table 2 , we follow Pasek et al. (2005) to prepare an initial list of species likely to form. Using the tables in Appendix A1, we first remove all compounds that include the extra 8 solar elements which we exclude (i.e. Cr, P, Mn, Cl, K, Ti, Co, F). We next use this list and assume ideal solution behaviour for just two phases, gas and solids, which are assumed to be pure phases. We run this ideal model for temperatures ranging from 50-1850 K for fixed pressures 10 −3 , 10 −4 , ..., 10
bar. Species which did not appear in the system within the T and P ranges of our models were deleted, such as carbides, nitrides and some sulfide species. This procedure eliminated species that are very unlikely to be formed, while allowing the software to run efficiently. However, we kept some species, such as solid Al and various oxides which are clearly important in the chemistry of the condensation sequence of the solar system and other protoplanetary discs, to verify if these compounds, for our range of temperatures and pressures, are involved in the formation of more complex species or not. Carbon is only present in our system in the main gaseous compounds together with solid graphite. Ideal calculations made during the definition of our initial system show that carbon solid compounds are very unlikely to form for our range of pressures and temperatures in equilibrium conditions. The majority of the initial C(g) is involved in the formation of gas compounds like CO and CH 4 (see section 4), due to the presence of large amounts of oxygen and hydrogen in our system. Indeed the Gibbs free energies of these gas compounds makes carbon gases the most stable carbon compounds. Furthermore, the formation of graphite is strictly related to the environmental condition in which a large amount of long chains of carbon gas is found (Pasek et al. 2005) . Our equilibrium calculations show that lowering the temperature results in C(g) being replaced by CO(g) and there is not enough C(g) in the range of condensation temperature available to form graphite.
The complete list of species and phases used in our model is shown in Table 3 .
BEHAVIOUR OF SOLID SOLUTIONS
We assume that solid species can mix together to form solid solutions, as these phases are observed on Earth as minerals and in meteorites. The choice of solid solutions is justified from previous thermodynamic studies. The behaviour of each solid solution is studied, in order to determine their relation between composition, temperature and activity parameter. The choice of the solution behaviour which we use in this study is based on both laboratory and theoretical thermodynamic studies for each phase found in the literature. Most of these works focused on the relations between species composition and activity for one temperature, whereas observations of activities clearly show non-ideal solution behaviour evolving with temperature. The solution behaviours can be quite complex with several parameters involved in the reactions. There is no comprehensive scientific treatment of solution behaviour and no single approach to modelling multicomponent solutions, but there are several developed models available (DeHoff 1993) . We choose the regular solution model to establish relations between the temperature in which the experiments were made, called reference temperature, the composition of the solution, a range of temperatures, the activity and the activity coefficient describing a particular compound in its phase.
Whilst the thermodynamics of pure species is largely uncontroversial, solution behaviour is difficult to measure and model, particularly for complex oxide and sulfide phases. Therefore critically examining the solution behaviour of species important for understanding protoplanetary dust formation is vital in developing a rigorous understanding of the system. In particular, we have sourced the best available solution data from geological and metallurgical studies to incorporate into studies of astrophysical dust, as the underlying physical chemistry of these different systems is fundamentally the same. In this work we have attempted to include the best available solution behaviour and where we have made assumptions, we state these clearly as a means by which to identify experimental conditions that need to be studied in the laboratory and stimulate the development of approximate solution models.
The regular solution model
The regular solution model is based on two fundamental assumptions (DeHoff 1993): (i) the entropy of mixing is the same as that for an ideal solution, and (ii) the enthalpy of solution is not zero, as in ideal solution, but is a function of composition. As such, the model gives a simple relation between the activity coefficient and the temperature: if γT 1 is the activity coefficient of one species at a temperature T1 and γT 2 is the activity coefficient at another temperature T2 (for the same composition) then
or
In the absence of activity data for a species (k), a simple relation between the temperature and the activity coefficients was introduced, based on the observations of the evolution of the behaviour of the species with temperature given by
where T0 is the reference temperature for the study of the phase. Thus, the activity coefficient is near the ideal (i.e. γ 1) for high temperatures when T T0, while it moves away from the ideal as the temperature drops (i.e. T T0). This assumption provides a reasonable method to extrapolate existing solution data to conditions where there are no measurements of solution behaviour, and is tested in section 3.3.
Most thermodynamic literature report experimental values of activity at several values of composition and T0. The activity, a, and the activity coefficient, γ, are linked by the relation
where X is the composition of the studied species k. The relations in equations (8) and (6) allow us to derive a polynomial for the activity coefficient given by
The meaning of activity and activity coefficient can be understood from equation (8). If γ = 1 (ideal) the activity of component k is equal to its mole fraction X k and the behavior of k is completely determined by its composition. If the value of γ k = 1 (as in the regular solution model) the component acts as if the solution contains more (γ k > 1) or less (γ k < 1) than the mole fraction X suggests. Furthermore, from equation (8) DeHoff 1993) . Clearly this is not the case. Furthermore, the regular solution model returns a parabolic ∆H mix (heat of mixing) function that is also symmetrical with respect to composition, whereas it is often unsymmetrical, especially in liquid solutions (Porter & Easterling 1992) .
Solid solutions and their behaviour
For each solution and each species, using thermodynamic laboratory experiments and theoretical models from the literature, and the use of the regular solution model as described above, we can now establish a relationship between the composition, temperature and activity coefficient of the nine solid phases listed in Table 3 .
As a general principle when choosing the data for the activity, we have tried to find direct experimental data reporting activity values of compounds. These data are preferred over indirect methods derived via mathematical techniques, such as the Margules and Gibbs Duhem equations, since these techniques inherently approximate solutions (see e.g. Bodsworth 
Magnesio-wustite phase
MgO and FeO can mix together to form the magnesiowustite phase. Nafziger (1973) studied the behaviour of these compounds in the MgO-FeO-F 2 O 3 system at T0 = 1573.15 K, providing activities of both monoxides according their composition in the system. Using these experimental data, an explicit relation between the activity and the composition for FeO and MgO can be deduced. We fit a polynomial function to the data using a least squares fit algorithm with weight and standard deviation to determine the best polynomial order. Thus an activity coefficient-composition relation could be derived for T0 = 1573.15 K and then for the entire temperature range using the regular solution model (equation 9) given by
These relations are shown in Fig. 1a .
Sulfide phase
The sulfide phase is composed of FeS (troilite), NiS, and Ni 3 S 2 . The activity data of FeS and Ni 3 S 2 was studied by Byerley & Takebe (1972) , who measured the sulfur activity for the Fe-Ni-S solid ternary system in equilibrium with gaseous mixtures of H 2 S and H 2 at T0 = 1523.15 K, and using the Gibbs-Duhem equation. The activity data for these two species were presented in an isoactivity Fe-Ni-S ternary diagram in Byerley & Takebe (1972) . An analytical function of composition for the activity coefficient could not be deduced, and hence the determination of the activity had to be made using the composition values of sulfide compounds found in our first test simulations using the ideal solution model. For most temperatures in our calculations where FeS and Ni 3 S 2 appear, NFeS = 1.43×10
−3 kmol, NNi 3 S 2 = 6.13× 10 −5 kmol, and NNiS = 1.5 × 10 −6 kmol, where N is the number of mols. Thus the composition of Fe, S and Ni in the system are XS = 0.49, XF e = 0.46 and XNi = 0.05.
Plotting these data on the isoactivity diagram of Byerley & Takebe (1972), the activity was calculated to be aNi 3 S 2 = 0.01 and aFeS = 0.93, with a composition rate of XF eS = 0.96 and XNi 3 S 2 = 0.04, and γF eS = 0.97 and γNi 3 S 2 = 0.25 at T0 = 1523.15 K. Thus
As no activity data could be found in literature for NiS, equation (7) provides the following relationship
where T0 = 1523.15 K.
Olivine phase
This phase is composed of forsterite (Mg 2 SiO 4 ) and fayalite (Fe 2 SiO 4 ). The study of the activity of this phase is based on data from Nafziger & Muan (1967) , who experimentally determined the activity of olivine species at T0 = 1473.15 K for the MgO-FeO-SiO 2 system. Depending on the initial composition of MgO, FeO, and SiO 2 , five solid solutions can exist -see Figure 1 of Nafziger & Muan (1967) . Assuming ideal solution behaviour, our calculations show that olivine and pyroxene species coexist for the range of temperature in our system. So in this study we chose to focus on the olivine + pyroxene case.
Pyroxene and olivine species are produced by the following reactions
and are in equilibrium following the reaction:
Fe 2 SiO 4 + 2 MgSiO 3 .
Setting the oxygen partial pressure and enstatite composition, and using relations between the standard free energy of the reaction, activity, and composition (Nafziger & Muan 1967) , the activity-composition of olivine species could be deduced.
With these data we are able to extract activities for Fe 2 SiO 4 and Mg 2 SiO 4 using the relations
presented by Anderson & Crerar (1993) . Fitting a polynomial to the experimental data presented by Nafziger & Muan (1967) for the olivine phase, an activity coefficientcomposition relation for the two species could be deduced, firstly for T0 = 1473.15 K and then for all temperatures, given by
where F ay is the fayalite (Fe 2 SiO 4 ) and F o the forsterite (Mg 2 SiO 4 ).
Orthopyroxene phase
The activities of enstatite (MgSiO 3 ) and ferrosilite (FeSiO 3 ) in orthopyroxene solution were determined experimentally by Saxena & Ghose (1971) . They assume that the silicate framework does not change significantly and its contribution to the change in activity with temperature may be neglected, and therefore a . The most complete data from their study was for T0 = 873.15 K, and we used these data to establish our activity coefficient as a function of temperature and composition.
From the experimental data curves, we fitted a polynomial and using the regular solution model, the activity coefficients as a function of temperature and composition for the enstatite (En) and ferrosilite (F r) were derived as follows:
where T0 = 873.15 K.
Plagioclase phase
The activities of anorthite (CaAl 2 Si 2 O 8 ) and albite (NaAlSi 3 O 8 ) of the plagioclase solution must be treated with a non-ideal model, as shown by Newton et al. (1980) . Kerrick & Darken (1975) 
for albite (Ab) and anorthite (An) respectively. Newton et al. (1980) used experimental studies of plagioclase to show that the solid solution of Kerrick & Darken (1975) does not follow ideal behaviour. Specifically, they found that the measured enthalpy of solution is non-zero, contrary to ideal model assumption. Newton et al. (1980) found activity coefficient-composition relationships from the measured excess enthalpy of mixing to be given by (24) where WAn and W Ab are the Margules parameters (which are constants at constant temperature and pressure), and XAn and X Ab are respectively the mol fractions of anorthite and albite. In their system, Newton et al. (1980) found WAn = 2.025 Kcal and W Ab = 6.746 Kcal.
In order to derive the activity and then the activity coefficient polynomials using equation (9), these coefficient must be multiplied by the composition functions for activity found by Kerrick & Darken (1975) (equations (21) and (22)), and thus the theoretical activity coefficients (from γ = a/X) which are required by the HSC software were found to be:
where T0 = 1000 K. These relations are shown in Fig. 1b .
Melilite phase
In order to determine the behaviour of the melilite phase and derive the activity-composition relations of gehlenite (Ca 2 Al 2 SiO 7 ) and akermanite (Ca 2 MgSi 2 O 7 ) in solid solution, we used the work of Charlu et al. (1981) and Walbaum (1973) and the analysis of the melilite system from Beckett (1994) . We also made use of the MELTS Supplemental Calculator described by Ghiorso & Sack (1995) and Asimow & Ghiorso (1998) and references therein in order to derive the activity-composition data for gehlenite and akermanite. While the small deviation from ideality shown by Charlu et al. (1981) for the ∆G of mixing seems to suggest that the ideal solution is a good approximation to describe the behaviour of this phase, several studies suggest that the melilite phase is in fact non-ideal. Models and results from Beckett (1994) show how melilite deviates from the ideal, suggesting that this behaviour has to be taken in account when calculating phase equilibria involving this phase. More recent studies by Merlini et al. (2004) and Gemmi et al. (2007) further support the non-ideality of this system. The MELTS Supplemental Calculator was used to calculate thermodynamical properties of the melilite binary system using data from Charlu et al. (1981) and Walbaum (1973) , extrapolating activities for both gehelenite and akermanite at fixed values of temperature, pressure and mole fractions. We set T0 = 1000 K, P = 1 atm and used values of mole fractions from 0 XGe 1 and 1 X Ak 0. Fitting polynomials to these data, we derived functions for the activity a and then, using the regular solution model, for the activity coefficients given by γ Ak (X Ak , T ) = (−8.98X 
for T0 = 1000 K.
Fassaite phase
Activity and activity coefficient data for the fassaite phase were deduced by Benisek et al. (2007) . They studied the thermodynamic properties of Ca-tshermak (CaAl 2 SiO 6 ) and diopside (CaMgSi 2 O 6 ), and found activity coefficient relations
for Ca-tshermak (CaT ) and diopside (Di), where W is the Margules parameter reported by Benisek et al. (2007) for both Ca-tshermak and diopside. The relation that links the activity coefficients and activity reported by Benisek et al. (2007) is
where
Using these relations, we can calculate activities of CaTs and diopside using a = γX together with equations (32) and (33) for XCaT and XDi, and equations (29) and (30) for γ.
Fitting polynomials to the calculated data, we derived equations for aCaT as a function of XCaT and aDi as a function of XDi (where XDi = 1−XCaT ), and then for γ according the regular solution model. Finally we obtained solutions for the activity coefficients
where T0 = 1500 K.
Spinel phase
The activity data for spinel species (MgAl 2 O 4 and FeAl 2 O 4 ) was taken from activity-composition measurements made by Jacob & Patil (1998) at T0 = 1300 K. They measured the electromotive force for different compositions of the spinel solution, which is linked with FeAl 2 O 4 activity. They deduced activity-composition relationship for MgAl 2 O 4 using the Gibbs-Duhem Equation.
Using the experimental data of Jacob & Patil (1998) and fitting a polynomial, a relation between activity coefficient and composition of spinel species at T0 = 1300 K was determined via
Metal alloy phase
Results from our ideal model simulations show that Fe is among the most abundant species in the solid solution. Indeed, it represents between 90 and 94 mole-percent across the entire temperature range where the metal phase is present, with Ni representing between 6 and 10 molepercent, and Si and Al less than 10 −7 mole-percent. The activity coefficient for Fe and Ni can be studied in a Fe-Ni solution, since the amounts of Si and Al are negligible and hence they will have little effect on the solution behaviour. Conard et al. (1979) 
γNi(XNi, T ) = (−2.91X
for T0=1273.15 K. These relations are shown in Fig. 1c . The activity data for the silicon as solute in Fe-solution were taken from Sakao & Elliott (1975 
Our ideal results show that Si has an amount of ∼ 10
mole-percent so the equation could be simplified for very low Si-composition as
No data for aluminium in solid Fe-Al alloys was found at very low Al composition, so the Al activity coefficient relationship was chosen as ideal at high temperature following the equation (7) γ Al (T ) = 0.99
where T0 = 1873.15 K.
Testing the regular solution model
When we have experimental data for the same solution at different reference temperatures we can test the regular so- Figure 2 . Test of the regular solution model for iron given by equation (38) using equation (44). Here T i =1273 K, T j =1473 K and T k =1573 K. Polynomials of different activity coefficients are derived using data provided by Conard et al. (1979) . The ideal solution is shown as a straight line at γ = 1.
lution model. According to the regular solution model
and for different experimental data at three different reference temperatures, T0 = T i,j,k , we find
Using the set for activity coefficients by Conard et al. (1979) for iron in the metal phase for three different values of T0, we derived activity coefficient polynomials at Tj=1473 K and T k =1573 K and tested the appropriateness of the our regular solution model given by equation (38) where the reference temperature is Ti=1273 K. Fig. 2 shows the application of equation (44). The test returns good agreement across the entire range of composition, with profiles given by the second and the third terms of equation (44) fitting the first function with a standard deviation of 0.03 (γ1573) and 0.02 (γ1473). Fig. 2 also clearly show how the behaviour of Fe deviates from the ideal at lower concentrations (XF e 0.5).
We can also use experimental data to test the assumption of equation (7). Following the results reported by Beckett (1994) for gehlenite and akermanite, which show activities moving toward the ideal with increasing temperature, we ran a test in which we compared results using equations (27) and (28) with equation (7). Differences between the results are reported in Table 4 . As can be seen, the variations in the temperature of appearance, Ta, and disappearance, T d , and the maximum amount of composition, Amax, between the results of the two models are small. Extrapolations made by MELTS Supplemental Calculator (equations (27) and (28)) and results given by equation (7) are in good agreement at the reference temperature T0 = 1000 K for the melilite phase considered here, giving us confidence in equation (7) when applied to species for which we do not have experimental data, such as NiS (equation 14) and Al (equation 42).
SIMULATION RESULTS
Now that we have all the thermal data, we can use our solar composition for a given pressure, P , and temperature, T , to solve for the equilibrium condensation sequence using the HSC software. As shown by D' Alessio et al. (1998) , the temperature and particularly the pressure in the disc span a very large range (see section 2.1). Runs were made for fixed values of pressure (10 −3 , 10 −4 , ..., 10 −10 bar) over the temperature range 50 T (K) 1850. The condensation sequence was calculated as a function of temperature and results are reported using temperature-amount diagrams.
In this section we describe the overall results of our equilibrium calculations for both gases and solids. Our simulations show that the condensation temperatures depends on pressure, with sequences moving towards lower temperatures as the pressure decreases. This behaviour is seen more clearly at higer temperatures than in the cooler regions (see for example Fig. 3 and Fig. 4 ). The temperature of appearance (disappearance) is defined as the temperature at which the amount of a compound raises above (falls below) 10
kmol. In our data tables, we indicate with trace those compounds which are present with an amount between 10 −9 and 10 −7 kmol. The following discussion is made using the results of the condensation sequence at P = 10 −3 bar unless otherwise specified.
Gases
H, H 2 and He are the most abundant gas species in the system and they reach a maximum amount of 8.56 × 10 −1 kmol, 45.48 kmol and 8.89 kmol respectively in different condensation regions. Looking at the entire temperature range, H 2 O, SiO, CO, N 2 , H 2 S, CH 4 and NH 3 are the major gas compounds in our results (Fig. 3 ). SiO, CO and H 2 O characterize the higher temperature region with CO being the most abundant gas. The region between 600 T (K) 850 shows an important transition with CH 4 replacing CO, and H 2 O becoming the most important gas. N 2 is present along almost the entire temperature range until T ∼ 400 K, where it is replaced by NH 3 . Among the less abundant gases, sulfur gases (HS, SiS) are also formed.
Moving to lower pressure, we see the entire sequence move to lower temperatures, including the transition between CO and CH 4 -see Fig. 3 . The maximum amount of each gas at equilibrium changes little with pressure.
Solids
The high temperature region (1400 T (K) 1850) is the place where the calcium-aluminium solids start to form, with several compounds in sequence from hibonite (CaAl 12 O 19 ) to gehlenite (Ca 2 Al 2 SiO 7 ), followed by the first calcium-magnesium silicates, akermanite (Ca 2 MgSi 2 O 7 ) and calcium-Tchermak (CaAl 2 SiO 6 ) -see Fig. 4 , which shows the high temperature condensates for three pressures. The condensation temperatures of Ca(g) and Al(g) are very close and sensitive to the pressure. At P = 10 −3 bar, Ca(g) and Al(g) start to condense at T = 1738 K and the first, most stable solid compound formed is hibonite (CaAl 12 O 19 ) . Lowering the pressure to 10 −6 bar changes the sequence with the Al(g) (T = 1536 K) condensing before Ca(g) Table 4 . Temperature of appearance, Ta, and disappearance, T d , and the maximum amount, Amax, for gehlenite and akermanite calculated by HSC using polynomials for the activity coefficients derived by MELTS Supplemental Calculator (equation (27) and equation (28)) and equation (7) with T 0 = 1000 K. (T = 1506 K) and the first most stable solid compound formed is the corundum (Al 2 O 3 ). The central zone of our temperature range (600 T (K) 1400) is dominated by Mg-silicates, like forsterite (Mg 2 SiO 4 ) and enstatite (MgSiO 3 ), plus metal iron -see Fig. 5 . The formation of enstatite and forsterite is chemically related. The condensation sequence of these two compounds shows that the first peak of forsterite formed before enstatite is pressure sensitive: lowering the pressure decreases the amount of forsterite formed in its first peak until enstatite become the most dominant of the two (Fig. 5) . Mgspinel (MgAl 2 O 4 ) and diopside (CaMgSi 2 O 6 ) also condense in this region.
The cooler region (50 T (K) 600) shows the condensation of many Fe-compounds: troilite (FeS), fayalite (Fe 2 SiO 4 ), ferrosilite (FeSiO 3 ) and Fe-spinel (FeAl 2 O 4 ) -see Fig. 6 . We also see that in this temperature zone the condensation sequence is not very sensitive to the pressure, unlike the high temperature regions. From our definition of the temperature of appearance, which is when the amount of a compound reaches 10 −7 kmol, it may seem that compounds have not yet condensed, when in fact they are in trace amounts. For example, with the olivine and orthopyroxene phases, the amount of fayalite (Fe 2 SiO 4 ) is non-zero in the temperature range from T = 1415 K (the temperature of appearance of forsterite) to T = 717 K (when fayalite finally reaches an abundance greater than 10 −7 kmol). Similarly, the amount of ferrosilite (FeSiO 3 ) ranges from about 1 × 10 −8 to 8 × 10 −8 kmol over the temperature range from T = 1384 K (the condensation temperature of enstatite) and T = 757 K (when the amount of ferrosilite reaches 10 −7 kmol, i.e. when it appears). The full list of compounds formed is given in Appendix B2, together with their condensation temperatures for different values of pressure. Figure 7 shows the percentage by mass of dust in the system for P = 10 −3 and 10 −6 bar. It shows that the dust mass distribution is a function of temperature, and thus a function of radius, assuming that the dust temperature decreases as radius increases. table B2 ). In a protoplanetary disc, the inner edge of the region where the temperature falls below the condensation temperature of water is called the snow line (Sasselov & Lecar 2000) . Our simulation at P = 10 −3 bar show that T = 191 K is the point where the process of condensation of H 2 O(g) starts, while T = 141 K is the temperature at which the amount of H 2 O(g) drops below 10 −7 kmol. At P = 10 −6 bar, the temperature in which the process of vapor condensation starts is T = 151 K while T = 110 K is the temperature at which the amount of H 2 O(g) drops below 10 −7 kmol.
Dust distribution

REGULAR VERSUS IDEAL SOLUTION MODELS
In order to understand the differences between the regular and the ideal solution models, we need to return to the definition of activity, a, and activity coefficient, γ. Activitycomposition diagrams derived from experimental data provide information about the departure from the ideal behaviour of compounds according to their composition at the reference temperature (see Fig. 1 ). Activity coefficientcomposition diagrams, derived from equations in section 3.2, also provide information about the departure from the ideal with varying temperature across the entire composition range of a selected compound. Figures 8 and 9 show activity coefficient polynomials for forsterite and enstatite at different values of temperature. The γ polynomials curves, from equations (18) and (19), move closer the ideal (γ = 1) with increasing temperature. This behaviour is seen for every compound in the system. Furthermore, every γ curve for different temperatures return values close to one when X → 1 for all temperatures. Equation (3) for the Gibbs free energy of compounds at a given temperature could also be written as (45) where RT ln Xi is the partial molal Gibbs free energy of at fixed values of temperature. This is shown in Fig. 10 for forsterite and enstatite, and we find that ∆G ex i could be high enough to change the value of the ∆Gi.
We compare the condensation sequences calculated using the ideal solution and the regular solution to show how the activity coefficients can affect the results. Fig. 11 shows the condensation sequences with both the ideal solution and regular solution models at a pressure of 10 −3 bar. Similar plots (not shown) were obtained for P = 10 −6 . In tables B1 and B2 we also report the temperature of appearance and disappearance for the ideal and regular solution models.
We see some differences in the values of the temperatures of appearance and disappearance. The first peak of forsterite at 1394 K is more abundant in the regular solution than for the ideal case at P = 10 −3 bar. In the low temperature region, the regular solution model returns a larger range of temperatures in which fayalite (Fe 2 SiO 4 ) is stable. In the ideal solution, this range is smaller and there is more Fe available for the the formation of FeS, Fe metal, ferrosilite (FeSiO 3 ) and Fe-spinel for T 400 K, and at very low temperature magnetite (Fe 3 O 4 ) replaces fayalite (this also happen at the pressure of 10 −6 bar) -see Fig. 11 . Furthermore, there is no evidence of formation of magnetite (Fe 3 O 4 ) in the regular solution at the temperature and pressure range used in these calculations (see Fig. 6 ).
The ideal solution model also shifts the turning point of enstatite and forsterite to lower temperatures (see Fig. 11 ), which also explains the lack of fayalite (see section 6.1.1) in these temperature regions.
Note that the errors in temperatures are 5 K due to the step size used in the HSC calculations.
DISCUSSION
In this section we compare the results our regular solution model with previous thermodynamic models and observational data.
Comparison with models
In order to check the results of our regular solution model, we compare our simulation results to those of earlier studies by Pasek et al. (2005) , Yoneda & Grossman (1995) and Gail (1998) . The main difference between our model and theirs is the regular solution model we described in section 3. Pasek et al. (2005) carried out their calculation using the HSC software package, using 150 gas species and 100 solid species from the 20 most abundant solar elements, but they assumed their solid solutions as ideal. Their calculations assumed a temperature range of 400 T (K) 2000.
Yoneda & Grossman (1995) created a larger system with solid, liquid, and gas states. They used 120 gas species, 5 liquid species, and 110 solid species from the 20 most abundant solar elements. They studied the behaviour of the liquid solution and each solid phase using data from the literature to define the list of possible compounds and the activitycomposition model from Berman (1983) for non-ideal liquid solution. They calculated equilibrium for temperatures from 900 K to 1800 K, and with a larger range of pressures (from 10 −6 to ∼ 1 bar). Their results show that the liquid phase appears only at high pressures (P 0.1 bar), confirming the solid-gas assumption in the pressure range used in our model. Gail (1998) studied the chemical equilibrium between the gas phase and the solid species, and determined relationships between the partial pressure of the gas involved in the creation of the solid species and the equilibrium constant of the reaction.
Our calculations are in good general agreement with Pasek et al. (2005) , Yoneda & Grossman (1995) and Gail (1998) in terms of the condensation sequence and the temperature of appearance and disappearance. However, there are some important differences. Table C1 shows our condensation temperatures compared with these three models. Small differences between the temperature of appearance and disappearance can be seen, except for the plagioclase phase for which large discrepancies are seen, and the order of appearance of forsterite and enstatite in the low pressure regime. However, our regular solution model and our ideal solution model (see tables B1 and B2) are consistent. We will discuss forsterite and enstatite and the discrepancy in the plagioclase in more details in the next section.
Overall, the condensation sequence is the same for the 12 most abundant species in our model and those in Pasek et al. (2005) and Yoneda & Grossman (1995) except for the corundum (Al 2 O 3 ) . Indeed, the previous models show that the corundum is created just before the hibonite species, whereas in our model, hibonite is the most refractory species of the system. This difference between the models comes from the closeness of the melting point between Ca and Al. In the model of Yoneda & Grossman (1995) , Ca begins to condense in hibonite at a lower temperature than the Al melting point, and thus Al 2 O 3 can be created between these two condensation temperatures, whereas our system does not show these difference of melting point temperatures until the pressure drops to P = 10 −6 bar. Gail (1998) reports corundum as the first solid formed, followed by melilite. The absence of hibonite (CaAl 12 O 19 ) in his model does not allow us to compare the difference of our corundum and hibonite condensation sequence, however the condensation temperature of corundum at P = 10 −6 bar show similar values.
Enstatite and forsterite
The behaviour of forsterite and enstatite seen by Yoneda & Grossman (1995) , Gail (1998) , Gail (2004) , Pasek et al. (2005) and this work all show differences from one another. Yoneda & Grossman (1995) report in their Fig. 2 an initial peak of forsterite at high temperatures. The abundance of forsterite then drops and enstatite replaces it as the most stable compound at T = 1366 K. There is then a plateau of constant enstatite/forsterite ratio until T = 1188 K where the amount of forsterite increase while enstatite remains constant. Yoneda & Grossman (1995) have T = 900 K as the lower limit of their calculations and so it is not possible to compare results in the lower temperature regions. Figure 11 . Condensation sequences in the low temperature region (left), the middle temperature region (middle) and the high temperature region (right) for the regular (top) and the ideal (bottom) solution models. Pressure is 10 −3 bar. Gail (1998) shows the condensation sequence of enstatite and forsterite in terms of radial variation of the fraction of silicon condensed into these compound. The first peak of forsterite is followed at T = 1319 K by an increase of enstatite that becomes the most stable compound -see their Fig. 21 . Then there is a plateau of constant enstatite/forsterite ratio and there is no further change in either enstatite or forsterite (out to R = 2 AU and T 300 K).
In Gail (2004) an initial peak of forsterite precedes the formation of enstatite. Then enstatite overtakes forsterite at 0.55 AU (T ∼ 1350 K) -see their Figs. 10 and 11 -and then rather than a plateau of constant enstatite/forsterite ratio, both the enstatite and forsterite abundances drop with decreasing temperature. Pasek et al. (2005) show the equilibrium condensation sequence in terms of atom fraction of cationic elements. Differences from previous work can been seen in their Fig. 2 , in which the amount of enstatite continues to increase once fayalite forms at T ∼ 450 K. Our condensation sequences shows a complex behaviour, demonstrating that forsterite and enstatite follow a condensation sequence of forsteriteenstatite-forsterite, going from the warmer region to the cooler outer region of the disc (see Fig. 5 ). Forsterite first condenses at T = 1415 K and is then replaced by enstatite (with has a temperature of appearance of T = 1384 K ). As the temperature decreases (1000 T (K) 1300), a plateau of constant enstatite/forsterite ratio can be seen. At T ∼ 1000 K there is a sudden drop of enstatite and an increase in the abundance of forsterite. A second plateau of constant enstatite/forsterite ratio is seen through 600 T (K) 900. At T ∼ 600 K forsterite increases its abundance, overtaking enstatite at T ∼ 550 K, while the enstatite abundance continues to drop with decreasing temperature. The temperature values reported here refer to a pressure of P =10 −3 bars.
The differences in the condensation sequence reported by these four references and our work could be due to several factors, such as different initial compositions, different lists of possible compounds considered in the final system, different solution model and different thermodynamical databases used in the calculations. To resolve this issue, which is of great importance to astrophysics and in understanding observational evidence from both protoplanetary disks and meteorite data, a controlled laboratory experiment using a complex system over a range of pressures and temperatures is required.
While we cannot explain the differences in the forsterite and enstatite behaviour seen in these four references, we can explain the forsterite and enstatite behaviour seen in our results. Here we will discuss (i) the formation of enstatite after the first peak of forsterite, (ii) the drop of enstatite and the increase of forsterite at T ∼ 1000 K, and (iii) the turning point between enstatite and forsterite around T ∼ 600 K. Schegerer et al. (2006) showed that the reaction from forsterite to enstatite is possible if quartz (SiO 2 ) is present according to the following reaction given by Rietmeijer et al. (1986) :
In our simulation, there is no SiO 2 present as an isolated oxide. This is because simulations made using the Gibbs free energy minimization do not provide information about the rate of the reaction and the steps between the initial and the final conditions. In our equilibrium conditions, silica is always involved in the formation of more complex compounds. The amount of SiO(g) in our simulation drops by four orders of magnitude in the range of temperature in which the two silicates form (1152 T (K) 1450). The formation of enstatite from forsterite at higher temperature could be also chemically explained with reactions involving Mg(g) with the condensation of SiO(g):
but this reaction is related to the availability of oxygen and to the kinetic processes that drive its rate (see Pegourie & Papoular 1985 , and reference therein). Given the low free oxygen abundance assumed to exist in protoplanetary disks, a more likely reaction is the following (Imae 1993) :
This reaction is also supported by the decrease of H 2 O(g) and SiO(g) we see in Fig. 3 in the high temperature region. In our model we find that when T ∼ 1000 K, the amount of enstatite drops dramatically and forsterite starts to form again.
This sudden drop of enstatite can be explained with the following three reactions that occur simultaneously in this temperature region: Figure 12 . Condensation sequence from T = 500 K to T = 1200 K for P = 10 −3 bar for compounds involved in the reactions (49) [top] , (50) [middle] and (51) [bottom] using the regular solution model. The amount of anorthite, Mg-spinel, diopside, albite, Ca-Ts and Na(g) are multiplied by a factor of 10 for clarity in this plot.
from Marfunin (1998) ,
from Lewis (2004) , and Figure 13 . Fraction of Si-bearing compounds in the 500-1200 K temperature range, where reactions (49), (50), (51) and (54) take place.
from Marfunin (1998) (see Fig. 12 ). The forsterite:enstatite mole ratio produced by these three reactions is 10/17 = 0.59. We can compare this forsterite:enstatite ratio with the data returned by our calculation. We define ∆Xen and ∆X fo by
which represent the difference between the amount of compound at T = 1000 K and T = 950 K for enstatite, ∆Xen, and forsterite, ∆X fo respectively. Our calculation returns ∆Xen =0.0010477 and ∆X f o =0.000593. Thus ∆X f o /∆Xen = 0.56, in good agreement with the mole ratio involved in these three reactions above. According our simulations, reactions (49), (50) and (51) become most favourable when the temperature reaches T ∼ 1000 K. These reactions also explain the difference between our temperature of appearance of plagioclase (T = 980 K) and those derived by previous works.
In the mid-temperature range 650 T (K) 900 the enstatite-forsterite ratio is constant, with T ∼ 550 K being the turning point where forsterite increases its amount over enstatite (see Figs. 5 and 12) . Thermodynamic predictions by Fegley (2000) involving Fe show that, with decreasing temperature, the following reaction becomes more favourable:
This reaction explains the conversion of enstatite to forsterite at T ∼ 600 K (the turning point) and also the formation of fayalite (Fe 2 SiO 4 ) at lower temperature (see Figs. 6 and 12) . Fig. 13 show the Si-bearing in the 500-1200 K temperature region in which reactions (49), (50), (51) and (54) take place.
In terms of maximum abundance, we find that enstatite is the dominant compound among the crystalline silicates, as is demonstrated in previous works. However, our model suggests this is only the case in a well determined range of temperatures going from T ∼ 600 K to T ∼ 1400 K.
As briefly introduced in Section 4.2, according to our Table 5 for data values from this work). The ∆T = 0 line represents the point in which Ta(forsterite) = Ta(enstatite).
calculations made using HSC with the regular solution model, the first peak of forsterite is pressure sensitive (see Fig. 5 ). We also see that the difference between the temperatures of appearance of forsterite and enstatite becomes smaller as the pressure decreases. When the pressure drops to P = 10 −6 bars, HSC returns Ta = 1212 K as the temperature of appearance for forsterite and Ta = 1223 K for enstatite. This in contrast with previous results reported by Yoneda & Grossman (1995) , Gail (1998 ), Gail (2004 and Pasek et al. (2005) . Table 5 reports the temperatures of appearance of forsterite and enstatite at different values of pressure (from P = 10 −3 bars to P = 10 −6 bars) in our calculations. The temperature difference, ∆T = T f or a − T ens a , is also shown.
The decreasing difference between the temperatures of appearance of forsterite and enstatite as the pressure decreases was also noticed by Grossman (1972) . Indeed, the data reported by Yoneda & Grossman (1995) shows a similar behaviour when the pressure decreases from P = 10 −3 atm to P = 10 −6 atm. In Fig. 14 we plot this temperature difference, ∆T , with pressure as found by Yoneda & Grossman (1995) and in our work. Similar results were also seen by Gail (1998) and Gail (2004) . Yoneda & Grossman (1995) , Gail (1998) , Gail (1998 Gail ( , 2004 and Pasek et al. (2005) do not show the swap in the order of of appearance of forsterite and enstatite at P = 10 −6 bar which we find with our regular solution model. We can only assume that it is due to either the solution models used, or more likely, the thermodynamics data used or indeed a combination of both. Pollack et al. (1994) studied the mass fraction of the eight most abundant elements (H, C, O, N, Mg, Si, Fe, and S) in molecular clouds, the interstellar medium, and solar system bodies. They also deduced a model for the composition of each compound for the outer parts of protoplanetary discs where T 700 K. Table 6 shows the distribution of elements in a typical disc, considering three kinds of matter: ices, refractory grains (which condense at high temperature), and gas. The main refractory elements observed by Pollack et al. (1994) are the same as in our model: olivine, orthopyroxene, troilite, and Fe species. Indeed these species are present for a large scale of temperature and for a high mol amount. The results derived by Pollack et al. (1994) , based on astronomical observations and modeling, show that most of the silicates are present in two main phases, olivine and orthopyroxene, with the former dominating. In the middle temperature region of our condensation sequence (see Fig. 5 ), moving toward lower temperatures we see that forsterite, the main olivine species in our system, replaces enstatite as the most stable compound. Pollack et al. (1994) indicate troilite (FeS) as the most abundant Fe-compound (T 680 K), also stating that its temperature of condensation is almost insensitive to the pressure. Furthermore, as the temperature increases, troilite reacts with molecular hydrogen forming H 2 S(g) and Fe(s). Our results are in good agreement with Pollack et al. (1994) . The condensation temperature for troilite derived with our regular solution model is T = 687 K (see Tab. B2) over a wide pressure range and H 2 S(g) is the most abundant sulfur-gas when the temperature raises above T = 650 K -see Fig. 3 .
Comparison with observations
Discs
Silicates are observed almost everywhere that dust can survive: in the interstellar medium (ISM), in protoplanetary discs, in the Earth's mantle, in comets and meteorites in different structures and shapes. Infrared spectral analysis shows that the ISM is characterized by amorphous silicates, while in protoplanetary discs there is evidence of crystalline silicates, clear proof of processing and growth of grains (Olofsson et al. 2009; Meeus et al. 2009 ). Among them, forsterite (Mg 2 SiO 4 ) and enstatite (MgSiO 3 ) are the best tracers of the condensation processes involved in the protoplanetary dics because of their related chemistry (section 6.1.1). Bouwman et al. (2008) used infrared (5-35 µm) spectra to study silicates in seven protoplanetary discs around pre-main sequence stars with Spitzer. This wavelength range probes both warm (λ ∼ 10 µm, T ∼ 500 K) and cool (λ ∼ 30 µm, T ∼ 120 K) region of the disc. They found variations in the abundance of the two main silicates with enstatite dominating the warmer region of the discs and forsterite the colder region. Meeus et al. (2009) also studied infrared spectra (7.5-35 µm) of 12 T Tauri systems and report the forsterite-enstatite ratio (R (f /e) ) for seven objects. The warmer region (7.5-17 µm) is characterized by R (f /e) ∼ 0.3 while the cooler region (17-37 µm) has 0.9 R (f /e) 1.2. the observation and modeling by Bouwman et al. (2008) and Meeus et al. (2009) are in good agreement and support our condensation results. Our equilibrium simulation shows that forsterite becomes more stable than enstatite in the low temperature region (150 T (K) 500), with enstatite more abundant when T 500 K.
Meteorites
Additional information can be inferred from the study of chondrites. Chondrites are thought to be the oldest known components of the solar system and are assumed to have been created during the protoplanetary disc phase. Thus, they provide important evidence of the conditions present in the early stages of the solar system's formation. Chondrites are composed of three major parts: Calcium and Aluminium Inclusions (CAIs), chondrules and matrix (Scott 2007 All the most important elements are present in our system at high temperatures (T 1300 K at P = 10 −3 bar). This first comparison provides a validation of the condensation process.
Chondrules are composed of less refractory species and their structure is very diverse. However most chondrules contain the same main species of olivine (Mg 2 SiO 4 , Fe 2 SiO 4 ), pyroxene (MgSiO 3 , FeSiO 3 ), metallic Fe-Ni and Fe-Ni sulfides (FeS, Ni 3 S 2 , NiS). The results of our regular solution model support these observations, as these species are the main Fe, Mg, Ni compounds in our model creating in the middle and low temperatures regions (T 1400 K with a pressure of 10 −3 bar). The high temperature region between 1850 K and 1400 K provides information about the first solids that condensed in protoplanetary discs. It is the region in which CaAl compounds start to condense into a variety of species. According our model, the condensation temperatures for Al(g) and Ca(g) are sensitive to the pressure (as shown in Fig. 4) . At higher values of pressure, when Ca(g) condenses at the same temperature as Al(g), no corundum (Al 2 O 3 ) forms as an isolated compound. This is because, at equilibrium the corundum is directly involved in the formation of Ca-Al compounds like hibonite according to the reaction
Lowering the pressure to P = 10 −6 provides a small temperature window in which there is no CaO(g) available for reaction and hence Al 2 O 3 is the first solid compound. As soon as Ca(g) condenses, all the corundum is then involved in the formation of hibonite. Observational evidence of isolated corundum has been reported by Nakamura et al. (2007) . They found forty-three corundum grains (1-11 µm in size) in the matrix of the carbonaceous chondrite Acfer094 by using cathodoluminescence imaging. Their petrographic observations indicate that, in the framework of the homogeneous condensation theory, the pressure had to be lower Table 6 . Fractional abundance of elements between gas, ice, and refractories in protoplanetary discs (Pollack et al. 1994 than 3 × 10 −5 bar. They calculate the homogeneous condensation temperature of corundum as a function of total pressure and cooling time, showing that at pressures higher than few times 10 −5 bar, the homogeneous condensation temperature of corundum is lower than the equilibrium condensation temperature of hibonite. This means that at these conditions hibonite is the first compound formed. The evidence of corundum grains in Acfer94 constrains the total pressure in the environment in which they formed to be lower than 10 −5 bar. Thus corundum, as an isolated compound, could be tracer of low pressure environment.
CONCLUSIONS
Determining the condensation sequence and the physical chemistry that drives it is an important step in understanding the first stages of the planet formation process. Previous work made use of the ideal solution model (a = X) to describe the thermodynamic systems. However, laboratory experiments show that the behaviour of most species is non-ideal. In this work we investigated the thermodynamic properties and the activities of several solid compounds in a protoplanetary discs environment specifically forming on the regular solution model. Many compounds in our system deviate from the ideal across the entire range of composition, while others may be relatively close to ideal for most of the composition range. Decreasing the temperature causes further deviations from the ideal and, at fixed values of temperature, the composition of compounds can also vary. As a consequence, the activity coefficients affect the results of the computation of the Gibbs free energy minimization. From the experimental data describing the behaviour of the activity of several compounds in solution, and the regular solution model we derived, it is clear that a non-ideal solution must be taken in account outside the very high temperature regions (where most compounds are close the ideal) and when the compounds' composition in the phase is not dominant (i.e. when X is low). We introduced activity coefficient relations for nine phases and twenty-one compounds. These relations can easily be used in Gibbs free energy minimization tools requiring polynomials describing γ k (X k , T ).
Our regular solution model shows that the solids which condense in protoplanetary discs are mainly composed of silicates for a large range of temperatures and of water ice for the cooler regions of the disc. Calcium-aluminum compounds and iron compounds characterise the high temperature region and the low temperature region respectively. Our results also demonstrate that pressure plays an important role determining the temperature of appearance and disappearance of compounds, their amounts (e.g. the peak of forsterite in the middle temperature region) and formation (e.g. corundum in the high temperature region).
This work provides a starting point for the study of the non-ideal behaviour and the resulting composition of grains in protoplanetary discs. In future work, we will introduce 1D and 2D disc models to study in more detail the condensation processes and the resulting condensation sequence in welldefined locations in the disc. Table B1 . Temperature of appearance and disappearance for solid compounds in the system at different pressures for the ideal solution model. The temperature of appearance (disappearance) is defined as the temperature in which the amount of compound raises above (falls below) 10 −7 kmol and we indicate with trace, compounds that are present in the results with an amount of 10 −9 kmol 10 −7 and with <50, compounds present with an amount not less than 10 −7 kmol at the lower limit of our range of temperature (50 K). Compounds that do not appear in our calculations are indicated with -.
Ideal Solution P = 10 −3 bar P = 10 −6 bar Phase Species Table B2 . Temperature of appearance and disappearance for solid compounds in the system at different pressures for the regular solution model. The temperature of appearance (disappearance) is defined as the temperature in which the amount of compound raises above (falls below) 10 −7 kmol and we indicate with trace, compounds that are present in the results with an amount of 10 −9 kmol 10 −7 and with <50, compounds present with an amount not less than 10 −7 kmol at the lower limit of our range of temperature (50 K). Compounds that do not appear in our calculations are indicated with -.
Regular Solution P = 10 −3 bar P = 10 −6 bar P = 10 −8 bar Phase Species (left columns) and 10 −6 bars (right columns) for our model, compared to those of YG95 (Yoneda & Grossman 1995) , G98 (Gail 1998 ) and P05 (Pasek et al. 2005) . 
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